The method of DNA alkaline elution was applied to a study of the formation and resealing of DNA single-strand breaks after irradiation of human fibroblasts with ultraviolet light (UV). The general features of the results were consistent with current concepts of DNA excision repair, in that breaks appeared rapidly after UV, and resealed slowly in normal fibroblasts, whereas breaks did not appear in those cells of patients with xeroderma pigmentosum (XP) that are known to have defects in DNA repair synthesis. The appearance of breaks required a short post-UV incubation, consistent with the expected action of an endonuclease. Cells of the variant form of XP characterized by normal DNA repair synthesis exhibited normal production of breaks after UV, but were slower than normal cells in resealing these breaks. This difference was enhanced by caffeine. A model is proposed to relate this finding with a previously described defect in post-replication repair in these XP variant cells. DNA crosslinking appears to cause an underestimate in the measurement of DNA breakage after UV.
The major photochemical damage produced in DNA by ultraviolet light (UV) consists of pyrimidine dimers. The efficiency of dimer production by UV appears to be the same in all mammalian cells (1) . Major differences, however, exist in the DNA repair events that follow UV damage [recently reviewed by Cleaver (2) ]. Of particular interest are the defects in DNA repair that have been noted in patients with xeroderma pigmentosum, a rare inherited disease characterized by extreme photosensitivity and the formation of multiple skin cancers [recently reviewed by Robbins et al. (3) ].
Pyrimidine dimers are thought to be removed from the DNA of mammalian cells by the process of excision repair (2) . This process begins with a single-strand scission near the site of the dimer. The dimer is then removed, along with a substantial segment of the adjacent DNA. The resulting gap in the DNA strand is filled by synthesis of new DNA which is finally joined to the end of the preexisting strand (4, 5) . The occurrence of DNA repair synthesis, the filling of gaps, and the joining to preexisting strands have all been demonstrated in mammalian cells (2) .
The excision model predicts the transient appearance of single-strand breaks in the DNA (2) . Such breaks have been difficult to detect in eukaryotes, however, because their frequency is so low that the resulting single-strand segments are too long to be readily measured by standard techniques. The technique of DNA alkaline elution, recently developed in our laboratory, has helped us to approach this problem (6) . We (6) .
In order to improve quantitation, an internal standard was used in most of the assays. The internal standard consisted of [3H]thymidine-labeled L1210 cells which had received 150 rad of x-ray in medium at 00. Approximately 4 X 105 L1210 cells were mixed with 2 X 105 fibroblasts for each assay. The effect on the fibroblast DNA was quantitated as the fraction of the fibroblast DNA that was retained on the filter when 50% of the L1210 cell DNA had eluted. This quantity will be termed "relative retention" (Fig. 1 (Fig. 1A) , 94% of the DNA was retained when 50% of the L1210 cell DNA had eluted (i.e., the relative retention was 0.94). In normal fibroblasts that received 15 erg/mm2 of UV followed by 5 min of incubation at 370 (Fig. 1B) , the elution rate was markedly increased; the relative retention was 0.38. Further incubation of these cells showed recovery, with relative retention increasing to 0.83 after 30 min (Fig. 1G) . In XP cells, the UV-induced increase in elution did not occur (Fig. iD) .
When cells were incubated for various times after 100 ergs/mm2 of UV, maximum DNA elution occurred within S min ( Fig. 2A) (Fig. 3B) .
In Figs (Fig. 4) (15) (16) (17) (18) (19) . Crosslinking could reduce the elution of DNA containing singlestrand breaks. If UV caused significant crosslinking in our experiments, we would expect that x-ray should produce less DNA elution from UV-irradiated cells than from unirradiated cells (20) . X-ray was delivered to the cells at 00 just before elution so as to impart to the DNA a controlled extent of strand breakage. Significant crosslinking effects were consistently found, both immediately after UV (Table 1) , and in cells incubated after UV (data not shown). These results indicate that the alkaline elution measurements after UV may underestimate the extent of DNA breakage.
The crosslinking effect in normal and XP variant cells diminished with time of incubation after UV. This effect, however, did not account for the difference between the two cell types shown in Fig. 2A .
Effect of Caffeine. Lehmann et al. (11) reported recently that caffeine inhibits post-replication repair in XP variant cells but not in normal human fibroblasts. We, therefore, tested whether caffeine would also show such a selective effect in the rejoining phase after UV. The results in Table 2 indicate that this is the case. Confluent normal or XP variant cells were exposed to 100 erg/mm2 of UV and incubated for 15 hr in the presence or absence of 1.6 mM caffeine. Caffeine alone had no effect either in normal or in XP variant cells. In normal cells exposed to UV and allowed to repair for 15 hr, DNA relative retention had recovered nearly to normal, and this recovery was unaffected by caffeine. In XP variant cells in the absence of caffeine, the recovery from the DNA damage was nearly as good as in normal cells, but in the presence of caffeine the recovery was impaired (relative retention 0.58, as opposed to 0.79 in the absence of caffeine). DISCUSSION The interpretation of our findings rests on the assumption that alkaline elution measures DNA single-strand breaks. Evidence supporting this assumption was reported in ref. 6 , and further support will be presented elsewhere. The argument briefly is as follows. (1 IG. 5. Proposed mechanism for retardation of strand rejoining during UV repair in XP variant cells, based on an assumed defect in the ability of these cells to cope with template damage. According to this scheme, XP variant cells would be slowed at step C. The symbol ® represents a pyrimidine dimer. The heavy line segments represent DNA generated by repair synthesis. (Although the scheme depicts the complete removal of the excised DNA segment as occurring in step A, the actual time when this occurs is not known and is not relevant to the proposed mechanism. Degradation of the excised segment might be linked with synthesis of the repair segment, so that no large gap ever exists.)
number of cells applied to the filter. This excludes an intercellular aggregate or gel as a governing factor. (4) The eluted DNA is almost exclusively single-stranded and the elution of DNA crosslinked by nitrogen mustard (HN2) is impaired. Thus strand-separation precedes elution. (5) The kinetics and x-ray sensitivity of elution are consistent with the possibility that elution depends on the time required for the unwinding of very long DNA helices (21) (22) (23) .
Single-strand breakage, however, is not the only factor determining elution rate. This is apparent from the finding that in cells treated with HN2 or UV the ability of x-ray to increase elution rate is diminished. This effect may be due to the introduction of crosslinks, either between DNA and protein (15) (16) (17) (18) (19) or between DNA strands (20, 24, 25) . Either type of crosslink could retard elution and lead to underestimation of strand breakage.
With this understanding of our method, we can proceed to interpret our data in more detail.
After (26) . The maximum effect after high doses, however, is underestimated because of crosslinking.
The time required for the return of DNA elutability to normal upon further incubation after UV was strongly dependent on UV dose. The return towards normal after 15 erg/mm2 was gradual over a period of about 45 min, where-as after 100 erg/mm2, the time required extended to about 15 hr. This long time required for recovery is in accord with the slowness of dimer excision after doses of this magnitude (2). Our results in normal cells do not conform to a steadystate level of breaks over a period of time, as suggested by Cleaver (26) . Instead, we find that the level of DNA breakage appears to decrease steadily with time.
XP variant cells, which have normal DNA repair synthesis, showed the same increase in DNA elutability after UV as did normal cells. However, these cells differed from normal cells in that the return of DNA elutability toward normal after 100 erg/mm2 was significantly slower (Fig. 2A) . A possibly related result was reported recently by Lehmann et al. (11) , who found that the rate of joining of short DNA segments replicated after UV is slower in XP variant cells than in normal cells. The distinction between the two observations is that Lehmann's pertains to newly replicated DNA in proliferating cells, whereas ours deals with repair of preexisting DNA in nonproliferating cells. In both cases, the deficient rejoining rate in XP variant cells was exaggerated by caffeine. Lehmann et al. (11) suggested that the abnormality they observed may be due to an impairment in the ability of XP variant cells to bypass defects in the template strand during replication. A similar mechanism could account for our finding of retarded joining in the repair of preexisting DNA (Fig. 5 ). This defect in XP variant cells would be expressed when two pyrimidine dimers exist near each other on opposite strands. One of the dimers could be excised in the normal way, since XP variant cells have no abnormality in excision or repair synthesis. The critical event would arise when the DNA repair synthesis process encounters a dimer on the template. We may suppose, in analogy with Lehmann (11) , that a special mechanism is required for repair synthesis to cope with a template lesion, and that this mechanism is defective, as well as caffeine-sensitive, in XP variant cells. DNA repair synthesis in XP variant cells therefore would be blocked at step C (Fig. 5 ).
Is this model quantitatively reasonable? The expected frequency of pyrimidine dimers in human cells exposed to 100 erg/mm2 is 1 per 13,000 nucleotides (27) . The relevant size of the DNA single-strands measured by alkaline elution was of the order of 107 nucleotides (6) . Therefore, there were of the order of 1000 dimers per measurable strand length. Since the gap size following excision of a dimer is about 100 nucleotides, the total number of potentially excised nucleotides per measurable strand length was about 105. There would, therefore, be of the order of 10 dimers opposite potential excision gaps per measurable strand length. This number of opposing dimers can easily account for the observed effect on the DNA alkaline elution measurement of XP variants. The incidence of opposed dimers should be proportional to the square of the UV dose. This would explain why we found little or no difference between the two cell lines when the dose was reduced to 15 
